Introduction {#sec1-1}
============

Is there an ideal therapy for intractable pain? Are physical methods better than chemical methods in some aspects of medical treatment? Intractable pain describes cancer pain, prosopalgia, postherpetic neuralgia, failed back surgery syndrome and neuropathic pain induced by unknown mechanisms that cannot be cured with current normal methods including the high-dose use of opioids. Pain is caused by a variety of factors, involving different mechanisms and stages. Furthermore, the treatment side effects of medicines will be different (Meuser et al., 2001; Rodrigues et al., 2006; Johnson et al., 2008).

Dorsal root ganglia, according to a description by Schaeffer et al. (2010), containing glial cells and somas of primary sensory neurons are critical for neural transmission between the peripheral and central nervous systems. It is well established that neuropeptides such as substance P and calcitonin gene-related peptide located in dorsal root ganglion neurons control sensory and pain mechanisms. Recently, research regarding blocking dorsal root ganglion functions to treat neuropathic pain has increased. Wilkinson and Chan (2001) demonstrated the good efficacy of sensory ganglionectomy for treatment of refractory neuralgia, which offers theoretical advantages over rhizotomy, although the operation is invasive leading to severe complications and potential rejection by patients. Meanwhile, Chun-jing et al. (2012) demonstrated that dorsal root ganglion destruction by adriamycin for treatment of patients with postherpetic neuralgia could relieve pain, but did not demonstrate any long-term effects. However, adriamycin-induced cardiotoxicity and adriamycin-induced nephropathy in mice have been reported (Liu et al., 2013; Zhang et al., 2013). Based on previous studies, the current study explored further whether physical methods and radiation had the same effects on dorsal root ganglia for the relief of neuropathic pain.

Our study investigated (1) the effects of different radioactive seeds; (2) the relationship between changes in the effects of iodine-125 (^125^I) and time; (3) the ultrastructural changes of neurons and nerve fibers; and (4) the pain threshold by paw withdrawal threshold.

Over the last decade, there have been no reports regarding dorsal root ganglion ultrastructure irradiated by radioactive ^125^I.

The aim of this study was to measure changes in the pain threshold, to record the ultrastructural changes of dorsal root ganglia, and to observe the effects of ^125^I on motor function. This information will aid our understanding of whether ^125^I can relieve pain safely and effectively.

Materials and Methods {#sec1-2}
=====================

Experimental animals {#sec2-1}
--------------------

A total of 36 six-month-old male Sprague-Dawley rats, weighing 220--250 g were obtained from Tianjin Experimental Animal Center in China (license No. SCXK (Jin) 2010-0002). They were separately bred and kept at a controlled temperature of 25°C in a 12-hour light/dark cycle, and allowed free access to food and water. For acclimatization, the animals were delivered to the animal facility at least 1 week prior to the study. Approval for this study was obtained from the Peking Union Medical College & China Academy of Medical Science Biomedical Research Ethics Committee.

Surgery of ^125^I seed implantation {#sec2-2}
-----------------------------------

The rats were divided into a control group (*n* = 12), low radioactivity group (*n* = 12) and high radioactivity group (*n* = 12). Three groups of rats were anesthetized using intraperitoneal injection of chloral hydrate (4 mL/kg) before surgery. When full anesthesia was achieved as assessed using tail pinch, each animal was placed in a ventral decubitus position and skin at the surgical site was shaved. A lateral incision at the L~5~ spinous process was made. The back muscles were separated and spinous processes and paravertebral muscles were exposed. Paravertebral soft tissue was stripped from the spinous processes on the operation side. The L~5~ transverse process and intervertebral foramen were exposed. According to the report of Chaplan et al. (1994), we chose the L~5~ dorsal root ganglia for implantation of radioactive seeds. Three groups of rats were implanted with two ^125^I seeds with different radioactivities (0, 14.8, 29.6 MBq) (Seeds Biological Pharmacy (Tianjin) Ltd., China) by surgery. Because the radioactivity of ^125^I commonly used in the clinic is 14.8 to 29.6 MBq, and the phenomena of damage was higher when the high radioactivity level was two-fold higher than the low radioactivity level, we administered either 14.8 MBq or 29.6 MBq radioactivities separately to L~4-5~ and L~5-6~ intervertebral foramen (provided by Seeds Biological Pharmacy (Tianjin) Ltd). The skin and muscles were then closed. The positions of ^125^I seeds were observed by GE Light Speed VCT (64-slice spiral CT; GE, New York, NY, USA). Rats whose internal seeds deviated from the L~5~ dorsal root ganglia by more than 1 cm or less than 0.5 cm were excluded from the study. After an intramuscular injection of 40,000--50,000 U penicillin to prevent infection, the rats were individually housed.

Measurement of paw withdrawal threshold {#sec2-3}
---------------------------------------

According to the report of Chaplan et al. (1994), we measured paw withdrawal threshold at 24 hours prior to seed implantation and at 48, 168, 336, 720 and 1,440 hours after treatment, with a series of 8 von Frey hairs of logarithmically incremental stiffness (0.41, 0.70, 1.20, 2.04, 3.63, 5.50, 8.50, and 15.10 g). The von Frey hair was presented perpendicular to the plantar surface with sufficient force to cause slight buckling against the paw, and held for approximately 6--8 seconds. Stimuli were presented at intervals of several seconds, allowing for apparent resolution of any behavioral responses to previous stimuli. A positive response was noted if the paw was sharply withdrawn. Flinching immediately upon removal of the hair was also considered a positive response. Ambulation was considered an ambiguous response, and in such cases, the stimulus was repeated. Using this series of 8 von Frey hairs, we obtained a resulting pattern of positive and negative responses (X = withdrawal, 0 = no withdrawal). According to this pattern, we found a parameter described in Chaplan\'s appendix. Using this parameter and the formula in his report, we could obtain the paw withdrawal threshold value.

Behavior of hind limbs {#sec2-4}
----------------------

In accordance with the combined behavior score (0--100 scores) reported by Babu et al. (2007), combined behavioral scores were assessed at 24 hours prior to seed implantation and at 48, 168, 336, 720 and 1,440 hours after implantation. A score of 100 represents complete paralysis. A higher score indicated a more severe injury. The animals traversed locomotor runways, narrow beam, incline plane, and grid runways, and were evaluated using the combined behavioral score system.

Specimen collection and observation by electron microscopy {#sec2-5}
----------------------------------------------------------

Two rats were chosen from each group at 336 and 1,440 hours, respectively after operation with intraperitoneal injection of 10% chloral hydrate (4 mL/kg). After anesthesia, rats were in the supine position and received heart perfusion *via* the left ventricular ascending aorta with 100 mL of normal saline and 100 mL of a fixative solution containing 4% paraformaldehyde. Twitching limbs indicated the solution had entered the brain. Then, the left L~5~ dorsal root ganglion was collected. The samples were fixed with 3% glutaraldehyde for 4 hours, washed with 0.1 mol/L PBS, pH 7.2, 4°C, for 10 minutes three times. A series of graded alcohol (30--100%, 4°C) was used to dehydrate the samples, which were then immersed in epoxy propane for 20 minutes twice, embedded in SPI-Pon 812, and then cut into slices with a LKB-V ultramicrotome. The sections were stained with uranyl acetate and lead citrate. Finally, all tissue samples were examined with a Philips EM400ST electron microscope (Philips, Amsterdam, the Netherlands), and the magnified images were captured.

Estimation of the irradiation doses {#sec2-6}
-----------------------------------

The irradiation doses of the dorsal root ganglia were estimated, and the relationship between tissue change and doses was analyzed. According to the formula (1), the dose rate of ^125^I around the ganglion, Ḋ(*r*, è), could be calculated as follows.
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Using this formula, the relative position of ganglion and seeds could be represented by *P*(*r*, è), where *r* represents distance (cm) and è represents angle (degree). *S~k~* is the air-kerma strength, the TG-43 report recommends *S~k~*= 1.27 U/37 MBq (U = 1 μGy·m^2^/h or 1 cGy·cm^2^/h); Λ is dose-rate constant in water and defined as the dose rate at *P*(*r*~0~, θ~0~) (*r*~0~ = 1.0 cm, θ~0~ = 90°) per unit *S~k~*. In the report of Rivard et al. (2004), the 6,711 ^125^I recommended Λ is 0.88 cGy/hU. *G~L~*(*r*, θ) is a geometric function. Assuming radionuclide physical distribution is uniform in the seeds and can be regarded as line-source, then *G~L~*(*r*, θ) = β/*Lr*sinθ: *L* is the active length of source, β is the angle subtended by *P*(*r*, θ) and the two ends of the *L* length. *G~L~*(*r*~0~, θ~0~) is the geometric function of *P*(*r*~0~, θ~0~). *G~L~*(*r*), radial dose function, according to the TG-43 report, is 1.04 and 1 when *r* is 0.5 and 1.0 cm respectively. *F*(*r*, θ) represents 2D anisotropy function describing the ratio of dose rate at radius r and angle θ around the source and equal a constant, ϕ , independent of distance. According to the report of Rivard et al. (2004), ϕ of 6,711 ^125^I was recommended as 0.93.

Statistical analysis {#sec2-7}
--------------------

SPSS 13.0 software (IBM, New York, NY, USA) was used to perform all statistical analyses. The measurement data of Gaussian distribution were shown as mean ± SD. Analysis of variance of repeated measurement data was used for the comparison of measurement data among the three groups and between values from each group. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Effect of implanting ^125^I on paw withdrawal threshold {#sec2-8}
-------------------------------------------------------

From pre-operation to 1,440 hours after treatment, there was no significant change in paw withdrawal threshold of rat hind limbs of the control group (*P* \> 0.05). The paw withdrawal threshold did not significantly decrease at 48 hours after implantation in the low radioactivity group and high radioactivity group compared with pre-operation and control group (*P* \> 0.05). The paw withdrawal threshold was lower in the low radioactivity group at 14 and 30 days compared with the control group (*P* \< 0.05). Paw withdrawal threshold returned to preoperative levels at 60 days in the low radioactivity group (*P* \> 0.05). The paw withdrawal threshold was diminished at 7 and 14 days (*P* \< 0.05), but significantly increased at 60 days (*P* \< 0.05) in the high radioactivity group as compared with pre-operation and control group (**[Table 1](#T1){ref-type="table"}**).

###### 

Comparison of withdrawal threshold (g) in rats at various time points before and after ^125^I implantation
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Effect of implanting ^125^I on hind limb motor function {#sec2-9}
-------------------------------------------------------

The motor function of rats of all groups was normal before and after operation, and no significant difference in combined behavioral score was observed (*P* \> 0.05). This result showed that the maximally radioactive seeds of 29.6 MBq implanted in L~4--5~ and L~5--6~ intervertebral foramen had no impact on rat motion function at 60 days after implantation (**[Table 2](#T2){ref-type="table"}**).

###### 

Changes in combined behavioral scores in rats at different time points after ^125^I implantation
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Effect of implanting ^125^I on ultrastructural changes of dorsal root ganglion cells {#sec2-10}
------------------------------------------------------------------------------------

Electron microscopy indicated that nuclear membrane shrinkage, nucleolar margination, widespread mitochondrial swelling, partial vacuolization, lysosome increase, and partial endoplasmic reticulum dilation were observed at 1,440 hours in the low radioactivity group and at 336 hours in the high radioactivity group. Abundant nuclear membrane shrinkage, partial fuzzy nuclear membrane and endoplasmic reticulum necrosis were observed at 1,440 hours in the high radioactivity group (**[Figure 1](#F1){ref-type="fig"}**).

![Ultrastructural changes of dorsal root ganglion cells and nerve fibers after implanting various iodine-125 seeds.\
Control group: dorsal root ganglion cells had a clear and centered nucleolus, regular nuclear membranes, and normal organelles (A). Nerve fibers were normal with complete myelin sheaths and mitochondria without lysosome (F). Low radioactivity group: at 336 hours, most dorsal root ganglion cells were normal with a few abnormal cells showing mitochondrial swelling and lysosome increase (B), and nerve fibers showed slight myelin sheath swelling and mitochondrial swelling (G). At 1,440 hours, dorsal root ganglion cells showed mitochondrial swelling, partial vacuolization, lysosome increase, and partial endoplasmic reticulum dilation (C). The nerve fibers showed myelin sheath swelling and mitochondrial decrease (H). High radioactivity group: at 336 hours, dorsal root ganglion cells showed nuclear membrane buckling, widespread mitochondrial swelling, lysosome increase, partial endoplasmic reticulum dilation and vacuolization (D), and nerve fibers showed thin myelin sheaths, mitochondrial decrease and high neurofilament levels (I). At 1,440 hours, nuclear membranes buckling evidently, endoplasmic reticulum dilation with obvious vacuolization and cell necrosis was observed (E). Myelin sheaths collapsed and the number of mitochondria was reduced in nerve fibers (J).](NRR-9-1204-g004){#F1}

Dose estimation {#sec2-11}
---------------

Animals were implanted with two ^125^I seeds around the L~5~ dorsal root ganglia. Assuming they were implanted at the same time, according to the relative position *P*(*r*, è) between dorsal root ganglia and seeds, verified by CT after 24 hours, the irradiation doses and dose rate around the L~5~ dorsal root ganglia of two rats picked randomly from different groups at 336 and 1,440 hours were calculated (**[Table 3](#T3){ref-type="table"}**).

###### 

Relative position, dose rate and irradiation dose of rats in each group at various time points
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Discussion {#sec1-4}
==========

In recent years, imaging device-guided implantation of ^125^I seeds to treat tumors has cured various solid tumors with a wide use clinically (Lin et al., 2012a; Lin et al., 2012b; Huang et al., 2013). Some investigators (Zhongmin et al., 2010; Du et al., 2013) demonstrated the implantation of radioactive ^125^I seeds for treatment of pancreatic cancer could relieve cancer pain, and was safe, effective and simple. Wang et al. (2009, 2012) investigated celiac ganglion irradiation with ^125^I seeds in a porcine model and pancreatic cancer patients for pain control, and indicated that this method could reduce visual analogue scale scores and analgesic drug consumption. Furthermore, implanting ^125^I in celiac ganglia was safe and feasible. In contrast with the study by Wang et al., we investigated the implantation of ^125^I into the dorsal root ganglia because dorsal root ganglia are pivotal for neural transmission between the peripheral and central nervous systems. On the basis of the study by Wang et al., we investigated the paw withdrawal threshold and combined behavioral score of rats. We observed analgesia as the pain threshold increased after implanting ^125^I seeds without harming motor function. In 1993, Sheen and Chung (1993) found "cutting off" L~5~ and L~6~ dorsal root ganglia could relieve rats' pain after spinal nerve ligation. On the basis of these previous studies, we implanted ^125^I seeds into dorsal root ganglia of Sprague-Dawley rats directly, to investigate hind limb paw withdrawal threshold, combined behavioral score and ultrastructural changes of dorsal root ganglia.

Taschereau et al. (2002) clearly demonstrated the impact of radioactive ^125^I seeds in surrounding tissues at 336 hours. Thus, 336 hours was chosen as the first timepoint to observe ultrastructural changes. The half-life of ^125^I is about 60 days. Thus, 1,440 hours was chosen as the second timepoint.

This study showed the paw withdrawal threshold decreased at 336 and 720 hours in the low radioactivity group and at 168 and 336 hours in the high radioactivity group, and then gradually returned to preoperative levels. This result indicated the mechanical response pain threshold declined with hyperpathia. Considering the early timepoint of dorsal root ganglion injury, it appeared likely that hyperpathia occurred because of the increasing excitability (Holmes et al., 2003; Coronel et al., 2008). Nevertheless, the paw withdrawal threshold of hind limbs increased significantly at 1,440 hours in the high radioactivity group, indicating the pain threshold increased. To eliminate the influence of acute inflammatory mediator exudation caused by mechanical injury of paravertebral muscles incision, a control group was established.

Dorsal root ganglia from normal rats are composed of sensory neurons and nerve fibers. The current study observed that dorsal root ganglion cells underwent necrosis, abundant nuclear membrane retraction, partial fuzzy nuclear membrane, vacuolization, apparent increased lysosome and endoplasmic reticulum dilation at 1,440 hours in the high radioactivity group. Myelin sheaths collapsed and mitochondria were reduced with obvious vacuolization. These pathological changes showed that the implantation of radioactive ^125^I seeds could lead to cell necrosis and degeneration of sensory neurons and nerve fibers of dorsal root ganglia.

Thus, the motor function of rats in each group was good before and after therapy, without statistically significant differences in combined behavioral scores, suggesting the maximal radioactivity of 29.6 MBq did not impact motion. This might be due to the following: (1) implantation was in the L~4-5~ and L~5-6~ intervertebral foramen and the cauda equina is the most vulnerable area inside the spinal canal. There have been no reports about the tolerance dose of cauda equina thus far. According to conventional standard radiation therapy, the highest tolerance dose of the spinal cord to external irradiation was 60 Gy, and for the brainstem it was 54 Gy (Mayo et al., 2010a). Mayo et al. (2010b) demonstrated the tolerance dose of the optic nerve was 60 Gy and a single dose was less than 12 Gy. The accumulative irradiation doses of two 29.6 MBq seeds implanted into L~4-5~ and L~5-6~ intervertebral foramen were calculated at 1,440 hours, and the dose was 39.03 Gy, less than the previously reported dose. Additionally, the dorsal root ganglia and spinal cord are physically separated. Consequently the radiation dose was lower. (2) The experiment only lasted 1,440 hours, 60 days to determine whether delayed effects occurred.

In conclusion, implanting different radioactive ^125^I seeds around the dorsal root ganglia caused dorsal root ganglion cell necrosis, degeneration and increased pain threshold, but did not impact motor function. Our investigation only lasted for the equivalent of one half-life (*i.e*., 60 days) of ^125^I; however, the radioactive seeds require at least 3 half-lives (180 days) for efficacy. Therefore, in the future we will investigate the effects after 180 days and how long this effect would last. Regardless, this study provides preliminary data and introduces a novel method for the treatment of neuropathic pain.
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